Introduction {#S1}
============

The excitatory neurotransmitter glutamate acts on multiple glutamate receptors, including NMDARs. Activation of NMDARs following the binding of glutamate and glycine produces an inward current when neuronal depolarization reduces the voltage-dependent channel block by extracellular Mg^2+^. These properties allow coincident pre- and post-synaptic neuronal activity to trigger synaptic plasticity, which is a cellular correlate of learning and memory^[@R1]^. Evidence from experimental, clinical, and genetic studies implicate NMDAR hypofunction in schizophrenia, intellectual disability, autism, and Alzheimer's disease. These conditions have stimulated interest in positive allosteric modulators of NMDARs as a potential therapeutic strategy for treating the associated cognitive deficits^[@R2]--[@R7]^.

While NMDARs are essential for normal brain function, overactivation of NMDARs and the resulting excess calcium influx can trigger cell death^[@R8],[@R9]^, which complicates strategies to enhance NMDAR function^[@R10],[@R11]^. One approach to enhance NMDAR function is to increase the concentration of the co-agonists glycine or D-serine with inhibitors of glycine transporter-1 or D-amino oxidase. However, this strategy has limited efficacy due to compensatory down-regulation of NMDARs that accompanies persistent activation, perhaps as a protective mechanism to avert toxicity^[@R12]^. NMDARs are tetrameric assemblies of two glycine-binding GluN1 and two glutamate-binding GluN2 subunits, of which there are four subtypes GluN2A-2D^[@R1]^. The recent development of subunit-selective NMDAR positive allosteric modulators should allow cell-type- or circuit-specific modulation due to spatially-distinct GluN2 expression, without global NMDAR overactivation^[@R13]--[@R20]^. However, while positive allosteric modulators act only when agonist is present to enhance NMDAR function, there remains a risk for overactivation at some synapses. Here we describe the development of biased allosteric modulators that differentially regulate various aspects of NMDAR signaling, such as open probability and Ca^2+^ permeability. We identified candidate molecules using a high-throughput assay^[@R21]^ to screen 100,000 compounds for modulation of the NMDAR response to maximally-effective concentrations of glutamate and glycine without actions at the orthosteric site or within the channel pore. We executed a medicinal chemistry campaign around one positive allosteric modulator identified in this screen with structural determinants in a region (pre-M1) known to influence single channel conductance^[@R22]^. This class of chemical probes we show regulates both channel gating and ionic selectivity, and thus establish a new precedent in ion channel biology that could allow the tuning of specific facets of NMDAR signaling that contribute to circuit function or are dysregulated in disease. For example, biased allosteric modulators that enhance NMDAR open probability while decreasing NMDAR permeability to Ca^2+^ could allow the enhancement of NMDAR currents while protecting neurons from calcium-induced toxicity.

Results {#S2}
=======

EU1622-1 is a pan-NMDAR positive allosteric modulator {#S3}
-----------------------------------------------------

In development of an NMDAR modulator series with unique properties, we searched for novel allosteric modulators using a fluorescence-based screen^[@R21]^, and identified the thienopyrimidinone EU1622-1 (Compound **1**, [Figure 1A](#F1){ref-type="fig"}) as a potentiator of NMDAR-mediated Ca^2+^ responses. Voltage-clamp recordings from neurons ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}) and recombinant NMDARs ([Figure 1B](#F1){ref-type="fig"}--[D](#F1){ref-type="fig"}) demonstrated that EU1622-1 potentiated currents produced by saturating concentrations of agonists to 1.6--2.8-fold of control, and up to 8-fold at sub-saturating agonist concentrations ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}). EU1622-1 had minimal effects on AMPA receptors at 100 μM (88 ± 6.4% of control, n = 11). EU1622-1 potentiation of NMDARs expressed in human embryonic kidney (HEK) cells exhibited the typical features of modulators with an extracellular binding site, including a concentration-dependent association rate, a concentration-independent dissociation rate, and a kinetically determined K~D~ (22 μM) consistent with the EC~50~ value (15 μM, [Figure 1D](#F1){ref-type="fig"}, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}). EU1622-1 enhanced the potency of both glutamate and glycine by 1.7- and 2.2-fold at GluN1/GluN2B, respectively, consistent with an increase in the maximal achievable potentiation for currents activated by sub-saturating agonist concentration ([Figure 1E](#F1){ref-type="fig"}--[F](#F1){ref-type="fig"}, [Supplementary Table 2](#SD1){ref-type="supplementary-material"}).

NMDARs are tetrameric assemblies of GluN1 and GluN2 subunits, and the two turn pre-M1 helix within each subunit lies parallel to the membrane near the extracellular vestibule of the channel. The pre-M1 linker region is involved in opening of the pore by its connection between the agonist binding domain (ABD) and the M1 helix of the transmembrane domain (TMD), as well as its contact with the M3 helix that forms the channel gate^[@R23]--[@R31]^. Cryo-electron microscopy studies of glutamate receptors suggest that rearrangements of the ABD upon agonist binding are transduced to the TMD through the linker and pre-M1 helix, which allow for movement of the M3 helix to permit ion permeation^[@R32],[@R33]^. The pre-M1 helix harbors structural determinants of action for both negative and positive allosteric modulators^[@R26],[@R30],[@R31]^. Given the role of the pre-M1 helix in gating and its proximity to the structural determinants of ion selectivity^[@R34]^, we hypothesized that chemical probes binding near this region might regulate channel gating and influence ion permeation, producing unique biological consequences. To test whether EU1622-1 interacted with this key region, we utilized chimeric receptor subunits as a first-pass assessment. Deletion constructs of the GluN2B, GluN2C, or GluN2D amino terminal domain had no effect on potentiation by EU1622-1, whereas replacement of the GluN2A S1-M1 region with that from GluN2D rendered the chimeric receptors sensitive to EU1622-1 in the presence of maximal concentrations of glutamate and glycine ([Supplementary Table 3](#SD1){ref-type="supplementary-material"}). Scanning site-directed mutagenesis revealed that the pre-M1 linker/M1 helix harbored structural determinants for EU1622-1 action on GluN1/GluN2B and GluN1/GluN2D receptors ([Supplementary Figure 2](#SD1){ref-type="supplementary-material"}, [3](#SD1){ref-type="supplementary-material"}). These data suggest that EU1622-1 is an allosteric modulator that potentiates macroscopic NMDAR responses by acting through the pre-M1/M1 region.

EU1622 induces new channel subconductance levels {#S4}
------------------------------------------------

Given the suggestion that EU1622-1 may interact with key gating domains, we subsequently evaluated the effects of EU1622-1 on channel properties. Interestingly, single channel analysis of EU1622-1 effects on GluN1/GluN2B channels in excised outside-out patches from HEK cells reveal a striking change in single channel conductance ([Figure 2](#F2){ref-type="fig"}), which has not previously been reported for any modulator of ligand gated ion channels, although modulators acting at the K^+^ channel selectivity filter have been described^[@R35]^. We observed a decrease in channel conductance from two conductance levels of 79 ± 1.3 pS (81%) and 64 ± 4.9 pS (19%, n = 3) in vehicle to three conductance levels of 76 ± 4.5 (20%), 63 ± 3.4 (49%), and 48 ± 0.5 pS (31%) in EU1622-1. EU1622-1 potentiation arises from increased open probability with reduced channel conductance; there is no change in the channel mean open duration ([Figure 2C](#F2){ref-type="fig"},[D](#F2){ref-type="fig"}). Additionally, direct transitions between subconductance levels were observed, suggesting that EU1622-1 induces different receptor states with a different permeation pathway ([Figure 2E](#F2){ref-type="fig"}). To confirm that EU1622-1 also reduces conductance of GluN1/GluN2B, GluN1/GluN2C, and GluN1/GluN2D receptors, we analyzed the relationship between the current amplitude and variance during NMDAR activation, also known as noise analysis^[@R36]^, which contains information about the unitary average chord conductance of individual channels in the macroscopic response. EU1622-1 significantly reduced chord conductance in all diheteromeric NMDARs ([Supplementary Table 4](#SD1){ref-type="supplementary-material"})

EU1622-14 is a more potent and efficacious PAM {#S5}
----------------------------------------------

To better understand this effect, we sought additional analogues within this series. We synthesized more than 80 new analogues of EU1622-1, and selected EU1622-14 (Compound **2**) as a more efficacious allosteric modulator with improved solubility over other active analogues ([Supplementary Figure 4](#SD1){ref-type="supplementary-material"}, [Supplementary Table 1](#SD1){ref-type="supplementary-material"}, [Supplementary Table 5](#SD1){ref-type="supplementary-material"}). EU1622-14 showed the same subunit selectivity ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}, [Figure 3](#F3){ref-type="fig"}) and structural determinants of action as EU1622-1 ([Supplementary Table 6](#SD1){ref-type="supplementary-material"}). Given that EU1622-1 alters agonist potency, we speculated that EU1622-14 may also impact NMDAR activation time course, which is an important determinant of synaptic function of NMDARs. Thus, we simulated synaptic activation using rapid solution exchange experiments and tested whether EU1622-14 altered the time course of NMDAR deactivation following rapid removal of glutamate, which controls the time course of glutamatergic synaptic transmission^[@R37]^. We found that the deactivation time course of recombinant NMDARs following the removal of glutamate was prolonged in the presence of EU1622-14 compared to vehicle for all subunit combinations ([Figure 3A](#F3){ref-type="fig"},[B](#F3){ref-type="fig"}, [Supplementary Figure 5](#SD1){ref-type="supplementary-material"}, [Supplementary Table 7](#SD1){ref-type="supplementary-material"}), consistent with the observation that analog modulators enhance agonist potency. In some instances, potentiation of amplitude and deactivation time course approached a 10-fold increase over control. Given the effect of EU1622-1 on channel conductance, we tested whether EU1622-14 had similar actions. To screen for this effect, we used variance analysis to evaluate EU1622-14's effect on channel conductance from HEK cells expressing GluN1/GluN2A, GluN1/GluN2B, GluN1/GluN2C, or GluN1/GluN2D ([Figure 3C](#F3){ref-type="fig"},[D](#F3){ref-type="fig"})^[@R36]^. Like EU1622-1, EU1622-14 significantly reduced the conductance in all GluN2 NMDARs, consistent with actions at all NMDAR subunit combinations ([Figure 3E](#F3){ref-type="fig"}).

EU1622-14 reduces channel conductance in native cells {#S6}
-----------------------------------------------------

To evaluate the effects of EU1622-14 on native NMDARs, we recorded single channel currents in outside-out patches excised from cultured cortical neurons that express GluN2A and GluN2B ([Figure 4](#F4){ref-type="fig"})^[@R38]^. We analyzed the relative frequencies and durations of the NMDA-activated main conductance and subconductance levels in outside-out patches that contained 1 or a few channels in external solution with physiological levels of free Ca^2+^ (1.25 mM). EU1622-14 (50 μM) clearly decreased single channel chord conductance from two levels in vehicle (51 ± 0.8 pS, 88%; 42 ± 1.0 pS, 12%; n = 6) to three lower levels (44 ± 1.1 pS, 59%; 32 ± 0.5 pS, 38%; 25 ± 0.9 pS, 3%) when the same patch was treated with EU1622-14 ([Figure 4A](#F4){ref-type="fig"},[C](#F4){ref-type="fig"}, [Supplementary Table 8](#SD1){ref-type="supplementary-material"}). None of these sublevels were apparent in the absence of the agonist NMDA or in the presence of 50 μM D-APV and 7-chlorokynurenate, confirming they arose from NMDARs. The observed conductance states in the presence of EU1622-14 were unique from those observed in control, suggesting that the modulator either alters the ionic selectivity of the NMDAR, or enables the NMDAR channel pore to adopt a unique set of conformations that leads to an overall reduction in ion flux. We observed direct transitions between the modulator-induced subconductance states, indicating that a single channel can occupy these distinct levels ([Figure 4A](#F4){ref-type="fig"}). As expected from the macroscopic response of EU1622-1 in neurons ([Supplementary Figure 1](#SD1){ref-type="supplementary-material"}), the open probability of native NMDARs increased 4.4-fold in EU1622-14 (p = 0.016, paired t-test, [Supplementary Table 8](#SD1){ref-type="supplementary-material"}). Both drug and agonist were applied at 4--5 fold EC~50~ ([Supplementary Table 1](#SD1){ref-type="supplementary-material"}, 93--97% occupancy)^[@R39]^, suggesting that the receptor shifts between these distinct conductance states when drug is bound, although it is possible that the full conductance levels are reached when the drug has dissociated from the receptor. Because extracellular Ca^2+^ can influence single channel conductance^[@R40]--[@R42]^, we evaluated the effects of EU1622-14 on neuronal NMDAR chord conductance and mean channel open time in reduced Ca^2+^ (0.5 mM). We observed two conductance levels of 61 ± 1.9 (81%) and 51 ± 2.2 pS (19%) in vehicle (mean ± sem, n=4). In the presence of 50 μM EU1622-14, we observed conductance levels of 54 ± 2.0 (67%), 43 ± 2.6 (26%), and 29 ± 5.6 pS (7%) ([Figure 4B](#F4){ref-type="fig"},[D](#F4){ref-type="fig"}). Thus, the reduction by EU1622-14 of conductance levels appears independent of the external Ca^2+^ concentration. The effects of the EU1622 series create a new precedent for the modulation of the ionic selectivity of ligand-gated channels.

Subconductance levels have reduced Ca^2+^ permeability {#S7}
------------------------------------------------------

A reduction in single channel conductance must reflect a reduction in the flux of cations through the pore due either to electrical or steric effects within the permeation path. Given the distinct atomic radii and hydration energies for Na^+^ and Ca^2+^, it seems unlikely that a change in conductance will reflect equal decrements in Ca^2+^ and Na^+^ permeability. Rather, we predicted that EU1622-14 changes the relative permeability of monovalent and divalent ions. We determined the relative NMDAR Ca^2+^-monovalent permeability in HEK cells by recording the current-voltage relationship (I-V) in 0.1 mM or 10 mM Ca^2+^ ([Supplementary Figure 6](#SD1){ref-type="supplementary-material"}). We calculated the Ca^2+^ permeability relative to monovalent permeability from the reversal potential shifts using the Lewis equation ([Figure 5](#F5){ref-type="fig"}, [Supplementary Table 9](#SD1){ref-type="supplementary-material"})^[@R43]--[@R46]^. EU1622-14 significantly reduced the calcium permeability ratio for both GluN1/GluN2A and GluN1/GluN2B. We repeated these experiments using a different set of biionic solutions that allowed the determination of the Ca^2+^/Cs^+^ permeability ratio in lower Ca^2+^ (0, 1.8 mM), which confirmed that 50 μM EU1622-14 reduced the relative permeability to Ca^2+^ ([Supplementary Figure 7](#SD1){ref-type="supplementary-material"}). To determine whether this was a feature in general of NMDAR positive allosteric modulators, we evaluated compound (−)-EU1180-325 (Compound **3**, compound *S*-(−)-2 in Strong et al. 2017), which potentiated the response to maximally effective glutamate and glycine in GluN1/GluN2B, GluN1/GluN2C, and GluN1/GluN2D receptors expressed in HEK cells in a similar fashion to EU1622-14^[@R18]^. We found no detectable change in unitary currents determined from variance analysis ([Supplementary Table 4](#SD1){ref-type="supplementary-material"}), and no detectable change in the permeability ratio for Ca^2+^ and Na^+^ (as determined by the biionic method, [Supplementary Figure 7](#SD1){ref-type="supplementary-material"}), despite robust enhancement of the NMDAR response ([Supplementary Table 9](#SD1){ref-type="supplementary-material"}). This is similar to the result obtained with a close analogue, CIQ, which has no effect on GluN1/GluN2D unitary current^[@R20]^.

Because similar structural determinants control Ca^2+^ and Mg^2+^ permeation^[@R44]^, we reasoned that any change in Ca^2+^ permeation may produce modest changes in Mg^2+^ sensitivity. We recorded I-V curves in 0.3 or 1.0 mM extracellular Mg^2+^ in the absence and presence of 50 μM EU1622-14. We found that EU1622-14 reduced the sensitivity to Mg^2+^ with no change in the reversal potential ([Supplementary Figure 8](#SD1){ref-type="supplementary-material"}). Analysis with the Woodhull equation suggests EU1622-14 increased the K~D,0mV~ for Mg^2+^ ([Supplementary Table 10](#SD1){ref-type="supplementary-material"})^[@R47]^. The reduced Ca^2+^ permeability coupled with enhanced NMDAR opening renders EU1622-14 a unique modulator that can enhance NMDAR function while limiting calcium influx and attendant toxicity.

Net modulation results in reduced relative Ca^2+^ influx {#S8}
--------------------------------------------------------

To determine the net effect of the positive allosteric modulation and reduced calcium permeability we measured the total current influx using patch-clamp recording while simultaneously imaging the change in the fluorescence of the cell-impermeant Ca^2+^-sensitive dye Calbryte 590 ([Figure 6A](#F6){ref-type="fig"}--[C](#F6){ref-type="fig"}). Upon the application of NMDA in the presence of vehicle, we observed an average peak current response of 2990 ± 730 pA and the slope of the rise of the Ca^2+^-dependent fluorescence was 8.06 \[4.17, 12.0\] ΔF/min (mean fitted slope \[confidence interval\], converted from units based on frames to minutes). In the presence of 50 μM EU1622-14, the average peak current response of 9460 ± 1240 pA and the slope of the Ca^2+^-sensitive dye was 14.2 \[8.18, 20.1\] ΔF/min. The inferred net effect caused by EU1622-14 modulation in this dataset was an increase in total current 3.17 fold whereas the increase in the change in fluorescence was only 1.75 fold. To determine if EU1622-14 can alter NMDAR-mediated Ca^2+^ influx into neurons that are neither dialyzed nor under voltage clamp, we utilized fluorescent dyes to concurrently measure relative changes in the intracellular Ca^2+^ and Na^+^ during NMDAR activation in the absence and presence of EU1622-14. We loaded cultured cortical neurons with the Na^+^-sensitive dye CoroNa Green and Ca^2+^-sensitive dye Calbryte 590, which have non-overlapping excitation-emission spectra, allowing dual imaging during NMDAR activation. We measured the rate of change in the Na^+^-signal and the Ca^2+^-signal fluorescence during NMDA/glycine application in the presence of vehicle or 50 μM EU1622-14 ([Figure 6D](#F6){ref-type="fig"}--[G](#F6){ref-type="fig"}). NMDA treatment induced a rapid increase in both CoroNa Green fluorescence (0.89 \[0.70, 1.08\] ΔF/min, which was sensitive to the open channel blocker memantine, [Figure S9](#SD1){ref-type="supplementary-material"}), and Calbryte 590 fluorescence (4.23 \[2.19, 6.27\] ΔF/min). In the presence of EU1622-14, the rate of change of the NMDA-induced in CoroNa Green fluorescence (1.70 \[1.06, 2.35\] ΔF/min) was greater than in vehicle, and NMDA-induced increase in Calbryte 590 fluorescence (6.17 \[1.24, 11.1\] ΔF/min) was modestly higher than vehicle. That is, EU1622-14 accelerated the rate of rise in the CoroNa Green signal (Na^+^ sensitive, EU1622-14/vehicle ratio 1.91) to a greater extent than the increase in the Calbryte 590 signal (Ca^2+^ sensitive, EU1622-14/vehicle ratio 1.46), a result that is consistent with the patch-clamp/imaging experiment. Subsequent application of A23187 (10 μM) was used to show that the calcium signal was not saturated during agonist stimulation in these experiments ([Supplementary Figure 9B](#SD1){ref-type="supplementary-material"}). Additionally, the increase in Calbryte 590 AM fluorescence due to A23187 ionophore alone was unaffected by the presence of EU1622-14, which suggests that the reduction in calcium permeability is not due to a non-specific interaction of EU1622-14 with free-Ca^2+^ or due to modification of Ca^2+^ handling. We also evaluated the NMDAR PAM (−)-EU1180-325 in these same assays, and observed similar increases in Na^+^ or Ca^2+^ signals, suggesting that NMDARs potentiated by (−)-EU1180-325 do not exhibit reduced relative Ca^2+^ influx ([Supplementary Figure 10](#SD1){ref-type="supplementary-material"}). Taken together, these results indicate that the net effect of EU1622-14 modulation causes a robust increase in the Na^+^ influx during NMDAR activation associated with a modest increase in Ca^2+^ influx.

Discussion {#S9}
==========

NMDARs play critical roles in the brain, and thus it is important to understand their function at an atomic level. In addition, NMDARs are an important therapeutic target, given that NMDAR hypoactivity is involved in the pathophysiology of several neurological conditions, while overactivation of NMDARs is associated with excitotoxicity and cell death following acute injury. These opposing consequences of NMDAR dysregulation present a problem for developing therapies to treat diseases involving NMDAR hypofunction, as persistent enhancement of NMDAR activation is not a viable therapeutic approach. The major advance provided by this work is the discovery of a chemical series of allosteric modulators that have structural determinants in a key gating region and enhance function through an increase in both agonist potency and open probability, but with decreased single channel conductance and lower calcium permeability. The biological effect revealed through these new chemical probes expands the repertoire of strategies for modulating ion channel function by demonstrating that functional selectivity can be achieved for all aspects of ion channel function, including ion permeation properties. That is, our data suggests that it may be possible to develop therapeutics that are selective for a particular aspect of NMDAR signaling, such as the Ca^2+^/Na^+^ permeability ratio. This form of biased signaling modulation specifically of ion permeability has not previously been established for ligand-gated ion channels, and EU1622 modulators show that it is possible for small molecules to produce allosteric modulation of agonist potency, agonist efficacy, and calcium permeability. Reduced Ca^2+^ permeability in particular could circumvent potential limitations of NMDAR potentiation by limiting excess calcium influx and excitotoxicity in neurons.

We can only speculate, at this time, as to what mechanistically brings about this reduced calcium permeability. However, there are at least three possibilities. First, these modulators might enable current flow when the receptor does not normally conduct ions, perhaps when only a subset of the subunits are in the active state or when the receptor is in a desensitized state^[@R25],[@R48]^. Second, EU1622 binding could influence the interaction of Ca^2+^ with the DRPEER motif, which has been shown to alter ion flow through the pore^[@R34]^. The presence of extracellular Ca^2+^ increases the prevalence of subconductance levels, so it is plausible that the allosteric modulator mimics this action^[@R41]^. Third, allosteric modulators may directly alter the geometry of the permeation pathway, which could alter ion flux and/or dehydration energies for permeant ions. Studies in K^+^ channels have shown that different conductance states can have different ionic selectivity^[@R49]^. While it is possible that in the presence of EU1622-14 Ca^2+^ becomes a weak channel blocker, this should impact all channel openings, and thus cannot explain the appearance of new sublevels. Determination of the mechanism of action would advance our understanding of how these channels operate, and catalyze the development of compounds that are biased modulators that tune up and down different functional modalities. Elucidating the mechanism of action of this biased allosteric modulation has the potential to reveal new insight into ion channel function and modulation.

Because of the critical actions of NMDARs in the brain, effective and well-tolerated therapeutic strategies may need to control one particular facet of NMDAR function that would be beneficial in a particular disease state. For example, development of a modulator that selectively reduces Ca^2+^ permeation through NMDARs while having minimal effects on other NMDAR properties such as agonist potency and open probability may be possible and might have neuroprotective effects in ischemic or neurodegenerative conditions without engaging known on-target side effects of NMDAR antagonism^[@R50]^. More broadly, this conceptual advance implies that small molecules could be developed to modulate ion selectivity of other ligand-gated ion channels, which could be useful not only in neurological diseases, but also in cardiac, epithelial, and inflammatory tissues where diseases are associated with aberrant Ca^2+^ influx as well.

In summary, we use chemistry to probe the mechanism of a class of allosteric modulators not previously described in literature that can decrease conductance and reduce calcium permeability, while increasing agonist potency, deactivation time course, and open probability. This form of biased signaling modulation (i.e. altering permeation properties) expands the repertoire of strategies for controlling ion channel function. This work establishes a precedent and raises the possibility of identifying compounds that simultaneously increase and decrease the contributions of specific aspects of ionotropic signaling of NMDARs. Such compounds could have unique effects on neuronal function, and be optimized through medicinal chemistry for therapeutic gain.

Online Methods {#S10}
==============

Molecular Biology {#S11}
-----------------

Recombinant receptors were expressed from cDNAs encoding rat GluN1-1a (hereafter GluN1, U08261), GluN2A (D13211), GluN2B (U11419), GluN2C (M91563), and GluN2D (L31611). Site-directed mutagenesis was used to introduce amino acid substitutions according the QuikChange protocol (Agilent, Santa Clara, CA). All mutant cDNAs were subjected to Sanger sequencing to verify the mutation.

Two-electrode voltage-clamp recordings in *Xenopus* oocytes {#S12}
-----------------------------------------------------------

cRNA was transcribed *in vitro* from plasmids containing NMDAR cDNAs. *Xenopus laevis* stage VI oocytes (Ecocyte Biosciences) were injected with 5--10 ng cRNA and stored at 15°C in media containing (in mM) 88 NaCl, 2.4 NaHCO~3~, 1 KCl, 0.33 Ca(NO~3~)~2~, 0.41 CaCl~2~, 0.82 MgSO~4~, 5 HEPES, 1 U/mL penicillin, 0.1 mg/mL gentamicin sulfate, and 1 μg/mL streptomycin (pH 7.4, adjusted with NaOH). Two to seven days after injection, two-electrode voltage-clamp recordings were performed at room temperature (23°C) in extracellular solution containing (in mM) 90 NaCl, 1 KCl, 10 HEPES, 0.5 BaCl~2~, and 0.01 EDTA (pH 7.4, adjusted with NaOH). NMDAR current responses from oocytes were recorded at a holding potential of −40 mV; only oocyte recordings with a maximal response amplitude greater than 50 nA were analyzed. Concentration--response curves for EU1622 compounds were generated by applying glutamate and glycine at the concentrations stated in figure legends or text, followed by variable concentrations of test compound up to 100 μM. Test compounds were prepared as 20 mM stock solutions in DMSO, and diluted to the final concentration in recording solution. DMSO content was 0.05--0.5% (v/v). EU1622-14 had a solubility determined by nephelometry to be in excess of 100 μM, considerably higher than compound **10** which precipitated at high concentrations. For some experiments 10 mM 2-(hydroxypropyl)-β-cyclodextrin was added.

Concentration-response data was analyzed using OriginPro 9.0. For potentiation concentration-response curves, the response evoked by test compounds was given as a percentage of the initial response to glutamate and glycine alone. Data for individual cells were fitted with the Hill equation: $$Response{(\%)} = {({Maximal\ Potentiation - 100})}/{({1 + {({EC_{50}/{\lbrack P\rbrack}})}^{H}})} + 100$$ where *Maximal Potentiation* is the maximum response predicted for saturating concentrations of the positive allosteric modulator, *EC*~*50*~ is the concentration that produces a half-maximal potentiation, \[*P*\] is the concentration of positive allosteric modulator, and *H* is the Hill slope. For agonist concentration-response curves, the data for individual cells were fit with: $$Response{(\%)} = Maximal\ Response/{({1 + {({EC_{50}/{\lbrack{agonist}\rbrack}})}^{H}})}$$ where *EC*~*50*~ is the concentration of *agonist* that produces half of the *Maximal Response* and *H* is the Hill slope. Fitted EC~50~ values from individual cells were used to calculate the mean EC~50~ values. The log(EC~50~) was used to determine the lower and upper confidence levels (LCL,UCL) of the 95% confidence interval (CI), which were then transformed back to concentration and reported with the mean EC~50~ value. For the graphical representation, the data were normalized to the current response to agonist alone, averaged across all cells, and fitted with the Hill equation.

HEK cell and neuronal cultures {#S13}
------------------------------

HEK-293 cells (CRL 1573, ATCC; hereafter HEK cells) were cultured in DMEM (Cat \# 10566016, ThermoFisher Scientific) supplemented with 10% fetal bovine serum (FBS), 10 U/ml penicillin, and 10 μg/ml streptomycin and maintained at 5% CO~2~ in a 37°C incubator. HEK cells were plated on poly-D-Lysine coated glass coverslips (0.1 mg/mL, Warner Instruments) 48 hr prior to patch clamp recording. Calcium phosphate transfection was used to transiently transfect HEK cells in a 24-well plate with 500 ng of DNA at a ratio of 1:1:5 (GluN1:GluN2A:GFP) or 1:1:1 (GluN1:GluN2B:GFP), and four hours after transfection, NMDAR antagonists D,L-2amino-5-phosphonovalerate (200 μM, DL-APV) and 7-chlorokynurenic acid (200 μM) were added to the culture medium to decrease the cytotoxic effect of NMDAR expression.

Timed pregnant C57BL/6J mice were obtained from Charles River, and primary cortical neurons were cultured from the embryos at E17.5 or primary hippocampal neurons cultured from post-natal pups at P0-2. These procedures were approved by the Emory University Institutional Animal Care and Use Committee, and were performed in accordance with state and federal Animal Welfare Acts and the policies of the Public Health Service. Cortices or hippocampi were dissected from the embryos, trypsinized (0.25%) at 37°C, rinsed with warm Hank's balanced salt solution (HBSS) containing 10 mM HEPES (HBSS/HEPES), and dissociated in MEM (Cellgro) containing 10% FBS (MEM/FBS). The neurons were washed with warm HBSS/HEPES immediately following the dissection. Cells were plated in MEM/FBS on coverslips coated with 0.5--1 mg/ml poly-L-lysine). Two hours after plating, the neurons were cultured with conditioned Neurobasal medium (Life Technologies) with 1× Glutamax (Life Technologies) and 1× B-27 (Life Technologies). Media was previously conditioned by incubation with secondary mouse glia for 24 hrs. Neurons were cultured at 5% CO~2~ and 37°C with 50% of the media exchanged every 3--4 days until used 5--10 days after plating.

Whole-cell voltage-clamp recordings {#S14}
-----------------------------------

The current response time course was determined from whole cell patch recording of transiently transfected HEK cells or primary cultured hippocampal neurons. Whole-cell voltage-clamp recordings were performed with thin-walled borosilicate glass electrodes (3--4 MΩ, TW150F-4, World Precision Instruments) filled with solution containing (in mM) 110 Cs-gluconate, 30 CsCl, 5 HEPES, 4 NaCl, 0.5 CaCl~2~, 2 MgCl~2~, 5 BAPTA, 2 NaATP, 0.3 NaGTP (pH 7.35). The extracellular recording solution contained (in mM) 150 NaCl, 10 HEPES, 3 KCl, 0.5 CaCl~2~, and 0.01 EDTA (pH 7.4). Cells were held under voltage clamp at −60 to −80 mV (not corrected for the junction potential of +12 mV) at 23°C. Rapid solution exchange was performed by lifting HEK cells from the coverslip into the solution flowing from a two-barrel theta tube that was rapidly translated using a piezoelectric manipulator (Burleigh, Siskiyou). Solution exchange around an open tip (10--90% rise time) was \< 1 ms. Whole cell recordings from primary cultured hippocampal neurons were performed in the presence of 1 μM TTX, NMDAR responses were elicited by application of 100 μM NMDA and 3 μM glycine. Currents were recorded using an Axopatch 200B (Molecular Devices), filtered at 2 kHz (−3 dB), and digitized at 20 kHz.

The time course for onset and recovery of potentiation with test compounds were analyzed by fitting a single exponential function to the data. NMDAR deactivation time courses following rapid glutamate removal were fitted by a two-component exponential function and the time constants and relative amplitude determined for the fast and slow components, according to $$Response = Amp_{FAST}\exp\ {({\text{-}time/\tau_{FAST}})} + Amp_{SLOW}\exp\ {({\text{-}time/\tau_{SLOW}})}.$$ *τ*~*FAST*~ is the fast deactivation time constant, *τ*~*SLOW*~ is the slow deactivation time constant, *Amp*~FAST~ is the current amplitude of the fast deactivation component, and *Amp*~SLOW~ is the current amplitude of the slow deactivation component. The weighted deactivation time constant (τ~W~) was calculated using the following equation: $$\tau_{W} = {\lbrack{Amp_{FAST}/{({Amp_{FAST} + Amp_{SLOW}})}}\rbrack}\ \tau_{FAST} + {\lbrack{Amp_{SLOW}/{({Amp_{FAST} + Amp_{SLOW}})}}\rbrack}\ \tau_{{SLOW}.}$$

Variance analysis^[@R6]^ was performed on current responses to slow application of 1--10 μM glutamate plus 30 μM glycine supplemented with vehicle or positive modulator at a holding potential of −60 mV. Agonist exchange proceeded slowly over 20--60 seconds, and both the rising and falling phases of the current response were analyzed, unless there were artifacts present. The current was divided into 30, 50, or 100 equal time increments, and the mean current found for each time period as well as the variance of the current. The plot of variance *vs*. current was fitted by the equation $$Variance = i\ I - I^{2}/N$$ where *i* is the weighted mean unitary current, *I* is the macroscopic current amplitude, and *N* is the number of channels. The weighted mean unitary current is related to the unitary currents *i*~*j*~ for multiple *j* subconductance levels each with a relative probability of *p*~*j*~ by $$Weighted\ mean\ unitary\ current = \Sigma_{j}\ {i_{j}}^{2}\ p_{j}/\Sigma_{j}i_{j}p_{j}.$$ Chord conductance γ was determined assuming a reversal potential of 0 mV.

Single channel recording {#S15}
------------------------

Patch pipettes were pulled from thick-walled borosilicate glass pipettes (Warner Instruments, GFC-150) to give resistances of 8--12 MΩ and their tips fire-polished and shanks coated with Sylgard elastomer (Sigma-Aldrich; St. Louis, MO). The external bath solution is given in [Supplementary Table 11](#SD1){ref-type="supplementary-material"}, and contained (in mM), 150 NaCl, 3 KCl, 11 glucose, 10 HEPES, 0.01 EDTA, 0.5 or 1.25 CaCl~2~ (pH 7.4). The internal solution contained (in mM), 110 D-gluconate, 110 CsOH, 30 CsCl, 5 BAPTA, 5 HEPES, 4 NaCl, 2 MgCl~2~, 2 Na-ATP, 0.5 CaCl~2~, 0.3 Na-GTP (pH 7.35, [Supplementary Table 11](#SD1){ref-type="supplementary-material"}). Outside-out patches were excised from cortical neurons or cultured HEK cells transiently transfected with cDNA encoding NMDA receptor subunits. Patches were held under voltage clamp at −80 mV using a Warner Patch Clamp PC-505A amplifier (Warner Instruments; Hampden, CT). Signals were filtered at 10 kHz and digitized online at 40 kHz using a USB-621 M series digitizer (National Instruments; Austin, TX) and WinEDR, part of the Strathclyde Electrophysiology Software suite (<http://spider.science.strath.ac.uk/sipbs/software_ses.htm>). Test solutions were applied using a gravity-fed theta tube and consisted of external bath solution. Neuronal NMDARs were activated by 100 μM glycine, 500 μM NMDA, and DMSO, or by 100 μM glycine, 500 μM NMDA, and 50 μM EU1622-14 in DMSO. All recordings were made at room temperature (23°C). NMDAR currents in outside-out patches from HEK cells were activated by 0.1 mM glutamate and 50 μM glycine plus either DMSO vehicle or with 30--50 μM EU1622-1 in DMSO. The final DMSO was 0.25% in drug and vehicle solutions.

Single Channel Analysis {#S16}
-----------------------

Acquired data were converted to pClamp (Molecular Devices; San Jose, CA) readable abf format files for visual inspection and digitally low pass filtered at 1 or 3 kHz (−3 dB). Single channel event amplitudes and durations from outside-out patches were measured using time course fitting implemented in the SCAN program (<http://www.ucl.ac.uk/Pharmacology/dcpr95.html>) from data filtered at 1 kHz. The idealization and fitting of single channel recordings were performed blinded. The event transitions were fitted with a convolved filtered step-response function using a least-square criterion^[@R51]^. Analysis of event amplitudes were performed using a resolution of 2.5 filter rise-times. Amplitude histograms were fitted with one, two or three Gaussian components using maximum likelihood; currents smaller than −1 pA were omitted. The product of the number of channels (assumed to be constant during the recording period) and open probability was determined by subtracting the baseline current from each outside-out patch recording, finding the average current across the recording, and dividing this by the weighted mean unitary current amplitude for the condition.

Measurement of Ca^2+^ permeability and voltage-dependent Mg^2+^ block {#S17}
---------------------------------------------------------------------

The ratio of Ca^2+^ permeability to monovalent permeability was determined from the shifts in the reversal potential in solutions that contained different concentrations of permeant cations. All analyses of Ca^2+^ permeability were performed blinded. We first determined the NMDAR reversal potential in a solution that contained physiological level of Ca^2+^ (1.8 mM CaCl~2~), lacked permeant monovalent inorganic cations, and instead contained N-methyl-D-glucamine (140 mM) and 10 mM HEPES (adjusted to pH 7.2 by adding HCl). The reversal potential in this solution was compared to that determined in a solution that contained 140 mM CsCl and 10 mM HEPES, adjusted to pH 7.2 with CsOH^[@R45],[@R46]^. The pipette was initially placed in our standard recording solution that contained (in mM) 150 NaCl, 3 KCl, 1 CaCl~2~, 10 HEPES (adjusted to pH 7.2 with NaOH). The reference ground communicated with this solution through a 3 M KCl agar bridge, which was replaced multiple times during each recording day. The internal pipette solution contained (in mM) 125 CsCl, 10 HEPES, 10 EGTA, adjusted to pH 7.2 with CsOH. The liquid junction potential at the tip (see [Supplementary Figure 11A](#SD1){ref-type="supplementary-material"}, JP~LIQ1~) was calculated to be +6.6 mV (pClamp)^[@R43],[@R52]^, and the amplifier was set to balance this potential as well as any potential at the 3M KCl reference ground (the latter which does not change throughout the experiment). Upon achieving a whole cell recording with the patch pipette, the liquid junction potential is eliminated, and the amplifier now has a command voltage of −6.6 mV due to zero current adjustment ([Supplementary Figure 11B](#SD1){ref-type="supplementary-material"}). We then moved the cell into a small 100 micrometer diameter laminar flow stream of the CsCl-HEPES solution, which provided less than 0.1% of the flow rate of the background, and thus did not create any appreciable liquid junction potential at the 3 M KCl reference electrode. There was, however, a liquid junction potential that developed at the interface of this stream near the cell and the background wash near the reference (JP~LIQ2~) that was −5.2 mV ([Supplementary Figure 11C](#SD1){ref-type="supplementary-material"}). In the absence of agonist, we applied an incremental voltage step protocol, which started by changing the holding potential of the cell from the resting level (−60 mV) to +45 mV, and then incrementally stepped to −60, −80 or −100 mV in 2 s duration 5 mV steps (or a reverse voltage step). The voltage was not corrected for the junction potential JP~LIQ1~. The current response was filtered at 5 kHz (8 pole Bessel, −3 dB) and digitized at 10 kHz. We subsequently activated the receptor with a maximally-effective concentration of glutamate (100 μM) and glycine (30 μM), allowed the desensitizing response to reach a steady-state plateau, and then re-applied the voltage step protocol a second time. The current-voltage relationship was determined from the mean response of the agonist-activated current -- baseline current during the final 0.5 s of each voltage step. We subsequently moved the cell into a second small diameter stream of solution (100 μm in diameter) that contained Ca^2+^/NMDG and repeated the voltage step protocol in the absence and presence of glutamate and glycine. This second solution near the cell also has a liquid junction potential of +5.0 mV ([Supplementary Figure 11D](#SD1){ref-type="supplementary-material"}). We omitted recordings from cells for which the leak current in the absence of glutamate was greater than 75% (low calcium) or 100% (high calcium) of the response in glutamate. The current-voltage curves were fitted by a 4^th^ order polynomial least-square minimization function, and the reversal potential (V~rev~) determined by finding the root of the curve. The reversal potentials were then corrected by subtracting the above calculated junction potentials (JP~LIQ1~ and JP~LIQ2~, or JP~LIQ1~ and JP~LIQ3~) referenced to the pipette (See [Supplementary Figure 11](#SD1){ref-type="supplementary-material"} legend)^[@R52]^. All junction potentials and solution compositions are given in [Supplementary Tables 11](#SD1){ref-type="supplementary-material"}--[12](#SD1){ref-type="supplementary-material"} (Referred to as "Biionic").

The difference in the corrected reversal potentials (ΔV~rev~) for Ca^2+^- and Cs^+^-containing solutions and the corrected Ca^2+^ reversal potential were used to determine the permeability ratio of Ca^2+^ to Cs^+^ using a modified version of the Lewis equation^[@R43]^, as shown below.
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We also used a different set of solutions to determine the ratio of permeability of the channel for Ca^2+^ to the permeability for Na^+^ as described by^[@R44]^. These solutions contained a constant monovalent ion concentration and instead altered the external Ca^2+^ concentration; the pipette was filled with a KCl-based solution. We assumed that the relative permeabilities of K^+^ and Na^+^ are the same^[@R44],[@R53]^. The arrangement of this experiment was identical to that described above (see [Supplementary Figure 11](#SD1){ref-type="supplementary-material"}), with the solutions summarized in [Supplementary Tables 11](#SD1){ref-type="supplementary-material"}--[12](#SD1){ref-type="supplementary-material"} (described by the phrase "High monovalent"). The current-voltage curve was established using the same protocol as before, and the reversal potential determined from a fourth order polynomial function fitted to the I-V curve. Only GluN1/GluN2A current responses less than 3000 pA were analyzed; we omitted recordings from cells for which the leak current in the absence of glutamate was greater than 40% (low calcium) or 175% (high calcium) of the response in glutamate. The reversal potentials were used to determine the ratio of the permeability of the channel to Ca^2+^ and to Na^+^ from modified versions of the Lewis equation, as described below: $$V_{\text{rev},\ \text{Ca}} - V_{\text{rev},\ \text{Na}} = {\Delta V}_{\text{rev}} = \frac{RT}{F}{\ln\left( {1 + \frac{4\frac{P_{\text{Ca}}}{P_{\text{Na}}}\left\lbrack \text{Ca}^{2 +} \right\rbrack_{o}}{\left\lbrack \text{Na}^{+} \right\rbrack_{o}\left\lbrack {1 + \text{exp}\left( \frac{V_{\text{rev},\ \text{Ca}}}{RT/F} \right)} \right\rbrack}} \right)}$$ $$\frac{P_{\text{Ca}}}{P_{\text{Na}}} = \frac{\left\lbrack {\text{exp}\left( {{\Delta V}_{rev}\frac{F}{RT}} \right) - 1} \right\rbrack\left\lbrack \text{Na}^{+} \right\rbrack_{o}\left\lbrack {1 + \text{exp}\left( \frac{V_{\text{rev},\ \text{Ca}}}{RT/F} \right)} \right\rbrack}{4\left\lbrack \text{Ca}^{2 +} \right\rbrack_{o}}$$

Voltage-dependent Mg^2+^ block was assessed using whole cell recordings from HEK cells transiently transfected with GluN1/GluN2A/GFP or GluN1/GluN2B/GFP, as described above. Whole cell current recordings utilized the "whole cell current" internal and external solutions described in [Supplementary Table 11](#SD1){ref-type="supplementary-material"}. Holding potential was −60 mV, which was varied before and during agonist application (as described above from +40 to −80 mV in 5 mV steps) and not corrected for the +11 mV liquid junction potential in Mg^2+^-containing solutions. The agonist--evoked current was obtained by subtracting the baseline response, and the current-voltage curve fitted by the Woodhull equation^[@R47]^ modified to treat the reversal potential as a variable: $$I = \frac{\mathit{Amp}\ \left( {V_{m} - V_{\mathit{rev}}} \right)}{1 + \left( \frac{\left\lbrack \text{Mg}^{2 +} \right\rbrack}{K_{D,0mV}\ \text{exp}\left( \frac{V_{m}z\delta}{25.693} \right)} \right)}$$ The amplitude (*Amp*) was varied to take into account potentiation of GluN2B by extracellular Mg^2+\ [@R54]^, *V*~*m*~ was the holding potential, *V*~*rev*~ was the reversal potential, *K*~*D,0\ mV*~ was the Mg^2+^ affinity at 0 mV for its site in the pore, and *zδ* the product of Mg^2+^ charge and the distance through the electric field at which the binding site resides. Extracellular Mg^2+^ was either 0.3 or 1 mM.

Calcium and sodium imaging {#S18}
--------------------------

To reduce baseline neural activity in cortical neuron cultures, 1 μM tetrodotoxin (TTX), 200 μM APV, and 200 μM 7-chlorokyneurenic acid (7-CKA) were added to the culture media for 30 min. For dye loading, the media was removed, and neurons were incubated in dye loading buffer containing (in mM) 150 NaCl, 10 HEPES, 1 KCl, 10 glucose, 0.001 TTX, 0.2 APV, and 0.2 7-CKA with 0.5 % pluronic acid, 2.5 μg/ml CoronoGreen AM Na^+^-sensitive dye (Life Technologies), and 2.5 μg/ml Calbryte 590 AM Ca^2+^-sensitive dye (AAT Bioquest) for 30 min at 37 °C. The coverslip was transferred to an imaging chamber with imaging buffer containing (in mM) 150 NaCl, 10 HEPES, 1 KCl, 10 glucose, 0.001 tetrodotoxin (TTX), 0.002 APV, and 0.002 7-CKA, and neurons were imaged within 5 min of removal from the dye loading buffer. Vehicle (0.1 % DMSO) or EU1622-14 (50 μM) were pre-applied for 1 min in imaging buffer with sub-saturating concentrations of the competitive antagonists APV and 7-CKA to minimize NMDAR activation prior to agonist application and allow rapid dissociation upon agonist application. Then, 500 μM NMDA and 100 μM glycine were applied to activate NMDARs in the presence of vehicle or drug for 30 s in imaging buffer without APV and 7-CKA. Images were acquired with an inverted Olympus IX51 microscope equipped with a disk spinning unit, 20*X* objective, and an ORCA-ER CCD camera (Hamamatsu) controlled using MicroManager softwaree (<https://micro-manager.org/>). Images were acquired every 2 s (alternating between dyes) using the following emission, excitation, and dichroic filter sets for Corona Green AM and Calbryte 590 AM, respectively: 470/40, 525/50, 495 nm and 545/25, 605/70, 565 nm.

For the patch-clamp imaging experiments, cell-impermeant Calbryte 590 potassium salt was loaded (5 μg/ml) into an internal solution contained (in mM), 95 D-gluconate, 95 CsOH, 5 CsCl, 40 HEPES, 8 NaCl, 5 MgCl~2~, 2 Na-ATP, 0.3 Na-GTP, 1 QX-314-Cl, 2 TEA-Cl (pH 7.35). The base external solution was the same as the imaging buffer but also containing 0.01 NBQX, and 0.01 bicuculline. Prior to the initiation of the experiment, five minutes was allowed for the dye to reach equilibrium after achieving the whole cell conformation. Images were acquired every 1 s. The cells were held at −60 mV for the duration of the experiment, *post hoc* access resistance filtering compensation was applied to the current recordings^[@R55]^.

Within each experiment, samples from all groups were acquired in the same imaging session with identical acquisition settings. ImageJ was used for image analysis and presentation, and the experimenter was blinded to the treatment group during image analysis. Mean fluorescence intensity was measured in neuron somas, and then background subtracted using the mean fluorescence intensity of non-cellular region from the same imaging field. For presentation, the intensity settings for each channel are the same across all images at a given magnification. Data are reported as the change in fluorescence intensity (*ΔF = F*~*t*~ − *F*~*0*~) relative to the fluorescence intensity at the start of the experiment (*F*~*0*~). The slopes were calculated by finding the point of maximum slope during the agonist induced rise in fluorescence intensity, then taking the average slope of the 5 (dual imaging experiments) or 11 (patch imaging experiments) data points centered on that point. The slopes from all neurons in a given field on each coverslip were averaged and the result considered one experiment.

Statistical Analysis {#S19}
--------------------

Prospective power analyses were performed using GPower 3.1 (<http://www.psychologie.hhu.de/arbeitsgruppen/allgemeine-psychologie-und-arbeitspsychologie/gpower.html>) to determine sample sizes necessary for detecting large effects (0.8--1.0) at a power of 0.80 with appropriate planned statistical tests. OriginPro 9.0 or GraphPad 5.0 were used for statistical analyses and graph preparation. Data were tested for normality with the Kolmogorov-Smirnov test, and for homogeneity of variances with Levene's test. Group comparisons were made using a t-test (paired or unpaired, as necessary) or ANOVA and post hoc tests as indicated and using two-sided assumptions. The alpha level was set at 0.05 for all experiments and corrected for multiple pairwise comparisons and familywise error rate as stated in the figure or table legends. Data were presented as the mean ± s.e.m. EC~50~ values were reported as the mean EC~50~ with LCL, UCL of the 95% CI determined from the log EC~50~ values, and comparisons were done by F tests using the logEC~50~ values.
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![EU1622-1 is a positive allosteric NMDAR modulator. (A) Structure of EU1622-1 (Compound **1**). (B) Two-electrode voltage-clamp oocyte recordings show effects of EU1622-1 (1,3,10,30,100 μM) co-applied with 100/30 μM glutamate/glycine. (C) Mean concentration-response data for EU1622-1 was fitted by the Hill equation. (D) EU1622-1 was co-applied with 100/30 μM glutamate and glycine onto GluN1/GluN2B-expressing HEK cells by rapid-solution exchange. The onset of EU1622-1 potentiation was fitted with an exponential function, and τ~on~ (1/time constant) plotted *vs.* EU1622-1 concentration. The association rate *k*~*on*~ was the slope and the *y* intercept was the dissociation constant, *k*~*off*~ (n = 7 cells); K~D~ was the ratio of *k*~*off*~/*k*~*on*~. (E) EU1622-1 concentration-response curve in sub-saturating (1.5/0.45 μM) glutamate/glycine at GluN1/GluN2B in oocytes; The GluN1/GluN2B response from (A) is shown again in gray. (F) Glutamate (*left*) and glycine (*right*) mean concentration-response data from GluN1/GluN2B expressed in oocytes in the absence and presence of 50 μM EU1622-1, fitted by the Hill equation.](nihms-1545792-f0001){#F1}

![EU1622-1 reduces single channel conductance for GluN1/GluN2B NMDARs. (A) Unitary currents were recorded from an outside-out patch excised from an HEK cell co-transfected with GluN1, GluN2B, and GFP. The holding potential was −80 mV and channel openings are shown as downward by convention. Responses were produced by the application of external solution with 0.1 mM glutamate plus 0.05 mM glycine (0.5 mM Ca^2+^). NMDARs showed reduced unitary current amplitude when 50 μM EU1622-1 was co-applied with the agonist (*lower panel*) compared to vehicle (*upper panel*). (C) Composite amplitude histograms determined by time course fitting were analyzed by fitting with the sum of multiple Gaussian components by maximum likelihood for vehicle (open bars, solid line, left y-axis) and 30--50 μM EU1622-1 (filled bars, dashed line, right y-axis). [Supplementary Table 8](#SD1){ref-type="supplementary-material"} provides a summary of chord conductance. (D) Composite open duration histograms for the patch shown and fitted by the sum of two exponential components displayed similarly to (C). Mean open time is given in [Supplementary Table 8](#SD1){ref-type="supplementary-material"}; individual fitted time constants ± standard deviation and area for the fits were: vehicle Tau~1~ 0.10 ± 0.0028 ms, 12%, Tau~2~ 2.3 ± 0.31 ms, 88%, EU1622-1 Tau~1~ 0.54 ± 0.40 ms, 26%, Tau~2~ 3.2 ± 0.93 ms, 74% (n = 3 patches). (E) Examples of direct sublevel transitions in the presence of EU1622-1 are shown, marked by arrowheads.](nihms-1545792-f0002){#F2}

![EU1622-14 prolongs the response deactivation time course and reduces channel conductance of NMDARs. (A) Representative GluN1/GluN2B NMDAR current responses during rapid application of 1/0.1 mM glutamate/glycine for 10 ms (triangle) in 100 μM glycine (white bar) with vehicle or EU1622-14 (30 μM, Compound **2**). Horizontal triangles show peak amplitudes. An expanded, normalized view is shown on the right to highlight the deactivation time course of the responses. (B) Peak amplitude (*left*) and τ~weighted~ of the deactivation (*right*) of rapid glutamate applications (10 ms) with and without EU1622-14 for all diheteromeric NMDARs (see [Supplementary Table 4](#SD1){ref-type="supplementary-material"}). (C) Representative slow perfusion stimulated GluN1/GluN2B responses with glutamate and glycine co-applied with vehicle or E1622-14. The NMDAR-mediated increase in variance can be seen from the high-pass filtered current (grey, below). (D) Current-variance plot of the rise and decay of the low concentration agonist application from (C). (E) Mean conductance of all diheterometic NMDARs with and without EU1622-14 (50 μM). For summary data see [Supplementary Table 4](#SD1){ref-type="supplementary-material"}. For all panels, \* *p*\<0.05 by paired t-test, with the Holm-Bonferroni correction to control for the family wise error rate in (B).](nihms-1545792-f0003){#F3}

![EU1622-14 reduces native NMDAR conductance. Unitary currents activated by 500 μM NMDA and 100 μM glycine (−80 mV) in outside-out patches were from cortical neurons in 1.25 (A) or 0.5 mM Ca^2+^ (B); scale bars are 2 s (A~1~), 100 ms (A~2~) and 50 ms (A~3~). The dashed line is 5 pA. "C" indicates closed state and arrowheads in A~3~ show sublevel transitions in EU1622-14. Vehicle was 0.25% DMSO. (C,D) Amplitudes determined (6,369 vehicle, 14,406 EU1622-14) from 6 patches in 1.25 mM Ca^2+^ or 4 patches (3,473 vehicle, 6,639 EU1622-14) in 0.5 mM Ca^2+^ were fitted to the sum of 2--3 Gaussians (smooth line is the probability density function). The amplitude ± standard deviation and area for the fits (1.25 mM Ca^2+^) were: vehicle Amp~1~ −4.13 ± 0.36 pA, 85%, Amp~2~ −3.52 ± 0.83 pA, 15%, EU1622-14 Amp~1~ −3.45 ± 0.59 pA, 71% Amp~2~ −2.58 ± 0.22 pA, 23% Amp~3~ −2.16 ± 0.57 pA, 6 %. The amplitude ± standard deviation and area for the fits (0.5 mM Ca^2+^) were: vehicle Amp~1~ −4.79 ± 0.35 pA, 73% Amp~2~ −4.16 ± 0.75 pA, 27%, EU1622-14 Amp~1~ −4.23 ± 0.55 pA, 79%, Amp~2~ −3.17 ± 0.26 pA, 16% Amp~3~ −2.27 ± 0.65 pA, 4%.](nihms-1545792-f0004){#F4}

![EU1622-14 reduces Ca^2+^ permeation through NMDARs. (A) Representative I-V curves for GluN1/GluN2A responses to maximally-effective agonist co-applied with vehicle (*left*) or EU1622-14 (*right*) in the low/high Ca^2+^. A high monovalent method was used to determine the relative Ca^2+^/monovalent permeability ratio. The fitted curve is a fourth-order polynomial. (B) The average reversal potentials are given for GluN1/GluN2A and GluN1/GluN2B (vehicle vs. EU1622-14). (C) The mean ΔReversal potentials (high Ca^2+^ minus low Ca^2+^) are given. (D) The average Ca^2+^ permeability ratio to monovalent ions is from the Lewis equation. \*p\<0.05 (One-way ANOVA, post-hoc t-test of drug *vs* vehicle, Bonferroni correction for multiple comparisons); F~3,28~ = 6.91. For summary data see [Supplementary Table 9](#SD1){ref-type="supplementary-material"}.](nihms-1545792-f0005){#F5}

![EU1622-14 biasedly modulates Na^+^ and Ca^2+^ influx through NMDARs. (A-C) Simultaneous patch-clamp/imaging recordings from cortical neuronal cultures illustrate a significant augmentation of total current with a non-significant increase in the Ca^2+^ fluorescence (stimulated by 500/100 μM NMDA/glycine) due to EU1622-14 modulation. (A) Time-lapse imaging of a Ca^2+^-sensitive, cell impermeant dye (Calbryte 590 potassium-salt, images were taken at a 1s interval). Representative vehicle and EU1622-14 fluorescence B, *left*) and current (C, *left*) responses to 500/100 μM NMDA/glycine co-applied with vehicle (equivalent volume DMSO) or EU1622-14 (50 μM) following a 1 min pre-application of vehicle or drug. Summary graphs are shown on the *right* of each figure panel. A significant increase in the peak current amplitude (*p* = 0.0004, unpaired t-test) was detected in the presence of EU1622-14 (50 μM) but not a significant increase in the slope of the Ca^2+^-fluorescence signal (*p* = 0.09, unpaired t-test). (D-G) Simultaneous fluorescence monitoring of Na^+^ and Ca^2+^ influx using specific cell permeable dyes illustrates selective modulation by EU1622-14. (D) Intracellular Na^+^ and Ca^2+^ levels were measured in cortical neuronal cultures utilizing time-lapse imaging of Na^+^- and Ca^2+^-sensitive dyes. 500/100 μM NMDA/glycine were co-applied in vehicle (0.5% DMSO) or EU1622-14 (50 μM) following a 1 min pre-application of vehicle or drug. Images were acquired every 4 s. Boxed regions in (E) are shown in (D). (F-G) Cellular fluorescence responses to NMDAR stimulation in the presence of vehicle or EU1622-14. Agonist solution perfusion (indicate by the arrow, 500/100 μM NMDA/glycine, with vehicle or EU1622-14) resulted in a rise in the CoroNa AM dye (F, Na^+^ response) and the Calbryte 590 AM dye (G, Ca^2+^ response). For each trial, the slope of the rise of the respective signals were measured for all neurons in the camera view, then averaged to obtain one experimental data point (shown in the plot on the *right*). Scale bars denote 50 μm.](nihms-1545792-f0006){#F6}
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